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Abstract 
Kinetic analysis of ruthenium-catalyzed reductive N-methylation of amines using dimethyl 
carbonate as C1 source and molecular hydrogen has been performed. Kinetic equations have 
been derived and kinetic modelling has been performed for experimental data generated 
previously at a constant hydrogen pressure as well as for additional experiments performed at 
different hydrogen pressures. The study has revealed interesting kinetic features related to an 
induction period strongly influenced by temperature. A kinetic model has been proposed based 
on advanced reaction mechanism featuring transformation between different type of catalytic 
species and inactivation of them during the reaction. Kinetic modelling was done for all data 











Kinetic analysis of complex non-catalytic and catalytic organic reactions has become a tool 
more and more utilized in academia and industry [1-5]. This kind of analysis has acquired 
relevance in chemical reaction engineering [6-10], where rather complex mechanisms are 
rigorously treated using numerical data fitting.  In particular, for catalysis, a kinetic 
phenomenon, elucidation of kinetics is an essential part. Typically, experimental data are 
collected as a function of the parameters considered important for the reaction, i.e. 
concentrations, temperature, pressures, pH, catalyst concentration, volume, etc. Thereafter, a 
reaction mechanism is proposed based on mechanistic, spectroscopic and kinetic data, 
estimating the rate constants by regression analysis. Finally, the adequacy of the model is 
judged based on criteria such as residual sums of squares and parameter significance. 
Classical methods of organic chemistry typically provide only a snapshot of a particular 
reaction (conversion and selectivity after a certain reaction time). In fact, monitoring reaction 
kinetics of catalytic reactions with a synthetic interest is not a commonly used tool. However, 
the kinetic information, together with various spectroscopy and computational methods, could 
provide a substantial amount of mechanistic information useful in the improvement of synthetic 
methodologies.  
The selective N-methylation of amines is a frequently used reaction in organic synthesis, 
affording valuable compounds used as drugs, agrochemicals or dyes [11-13]. From an industrial 
perspective, the preferred methylation agents are formaldehyde, using the Eschweiler–Clarke 
methodology [13] and methanol, employing zeolites as dehydration catalysts.[14] An 
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interesting alternative to these methodologies would be the use of dimethyl carbonate (DMC) 
in the presence of a reducing agent, as DMC is a non-toxic, safe and biodegradable compound 
which is currently used in the industry. Moreover, among the currently used protocols for the 
synthesis of DMC, an emerging one is based on the reaction of carbon dioxide with methanol 
[15-17].  
Traditionally, the employment of DMC as a methylating agent involved a BAL2 mechanism, in 
which the methyl carbon of the methoxy group acts as the electrophile.[18, 19] This 
methodology presents drawbacks, such as using high reaction temperatures (˃160ºC) to avoid 
carbamoylation processes and having a limited substrate scope. In contrast, selective N-
methylation of amines with dialkyl carbonates and a reducing agent, where the C=O moiety is 
the one used for the methylation, has also been described. Former examples of this reaction 
employed as catalysts a photo-activated iron-complex [20] or a platinum based complex [21] 
in the presence of hydrosilanes. The generation of large amounts of waste due to the use of an 
excess of hydrosilanes, and the limited substrate scope (only secondary amines were reactive), 
were important limitations of these protocols.  
Recently, the first N-methylation of amines using DMC and molecular hydrogen has been 
described employing the [Ru/Triphos/HNTf2] system as catalyst (Scheme 1) [22-24] where 
Triphos stands for 1,1,1-tris(diphenylphosphinomethyl)ethane [11]. The presence of the acid 
HNTf2 as co-catalyst (2.5 eq respect to the Ru loading) was key for the catalytic activity of the 
system. A mechanistic explanation for the role of the additive implies the formation of the 
[Ru(Triphos)]2+ cation species stabilized by the weakly coordinating –[NTf2] 
(bis(trifluoromethanesulfonyl)imide) [25]. This reductive N-methylation protocol, using 
dimethyl carbonate as C1 source and hydrogen as a reducing agent, was successfully applied 
for a wide range of primary and secondary aromatic and aliphatic amines. In addition, kinetic 
profiles for the formation of N-methylaniline 2 and N,N-dimethylaniline 3 under 60 bar of H2 
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at several reaction temperatures (130, 140, 150 and 160ºC) were reported. A tentative reaction 


















2 3(3 eq)1  
Scheme 1. Reductive N-methylation of aniline 1 using dimethyl carbonate (DMC) and 
molecular hydrogen catalyzed by [Ru/Triphos/HNTf2] system. 
 
Interestingly, the experimental data reported in this work [11] clearly display a S-shape 
behavior for the disappearance of aniline at low temperatures. In order to reveal mechanistic 
aspects of this reaction and to propose a rate equation capable to fit the experimental data, in 
the current work kinetic equations have been derived and kinetic modelling has been performed 
for N-methylation of aniline 1 with DMC and molecular hydrogen. Moreover, additional 
experiments have been done at different hydrogen pressures to reveal the influence of the 
molecular hydrogen on the induction period as well as on the main reaction per se.  
 
Experimental 
Kinetic study for N-methylation of aniline 
A 100 mL glass inlet containing a stirring bar was sequentially charged with aniline 1 (279.6 
µL, 3.0 mmol), n-hexadecane (250.0 mg) as an internal standard, Ru(acac)3 (24.1 mg, 0.06 
mmol, 2 mol%), Triphos (58.5 mg, 0.09 mmol, 3 mol%), THF (12 mL) as solvent, dimethyl 
carbonate (868.2 μL, 9.0 mmol, 3 eq.) and a freshly prepared 0.2 M THF solution of the co-
catalyst triflimide  HNTf2 (750.0 μL, 0.15 mmol, 5 mol%). Afterwards, the reaction vial was 
then placed into a 100 mL autoclave. Once sealed, the autoclave was purged three times with 
30 bar of hydrogen, then pressurized to the corresponding reaction pressure (10-60 bar) and 
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placed into an aluminium block, which was preheated at 130-160°C. Periodically, aliquots of 
200 µL were taken at different times of reaction, diluted with ethyl acetate and analysed by GC-
FID, HP 6890 with FID detector, column HP5 30 m x 250 mm x 0.25 μm. 
 
Kinetic modelling 
In kinetic modelling, generation equations for the reactants and products were solved 
simultaneously for all data sets obtained at different pressures of hydrogen and temperature 






exp,      (1) 
where ‘exp’ refers to the experimental data and c the concentrations predicted by the model. 
The underlying differential equations were solved by a backward difference method 
implemented in a stiff ODE-solver during the parameter estimation. A Levenberg-Marquardt 
algorithm was used in the minimization of the objective function. The regression software [23] 
was used in the computations. The results were checked by standard statistical analysis as well 















−=      (2) 
The degree of explanation compares the actual model with the simplest possible model, i.e. 
description of the data by average values of the concentrations. 
 
Results and Discussion  
Kinetic data  
Kinetic data for the N-methylation of aniline 1 with DMC at 60 bar of hydrogen and using 
different reaction temperatures, were already reported [11]. In addition, yield/time kinetic 
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profiles were performed at 150ºC using several hydrogen pressures (Figure 1). An analysis of 
these data shows that, at certain conditions, there is a clear induction period, where the reaction 
rate is rather low, since concentration of the starting substrate does not change. Thereafter, there 
is a rate acceleration, which can be related with the formation of a catalytically active species. 
As can be deduced from Figure 1b, the induction period exhibits a dependence on hydrogen 
pressure, as it is not observed at the higher pressure of 60 bar.  
Figure 1a, as well as previously reported kinetic profiles [11], is typical for consecutive 
reactions, with initially formed compound 2 undergoing further transformations. Figure 1c 
displays the dependence of the product yields on conversion for a particular experiment at 150ºC 
and 60 bar, illustrating that the monomethylated compound 2 passes through a maximum at ca. 
50% conversion. It should be noted that the mass balance is not completely closed. This is 
related to formation of N-phenylpyrrolidine from the acid-catalyzed ring opening reaction 
between aniline and THF (typically 2-5% is always detected). Moreover N-ethyl aniline can be 
generated from aniline and traces of ethanol reacting by so-called hydrogen borrowing reaction 


















































































































Figure 1. N-methylation of aniline 1 using dimethyl carbonate (3 eq) and molecular hydrogen 
at 150oC: a) kinetic profiles at 30 bar, b) aniline concentration at different hydrogen pressure, 
c) yield of products 2 and 3 vs conversion of 1 at 60 bar, d) yield of product 2 vs conversion at 
different hydrogen pressures.  Figure contains error bars corresponding to 5%.  
 
From the reaction network viewpoint it is important to understand if selectivity dependence on 
conversion has any variation with hydrogen pressure. Figure 1d convincingly demonstrates that 
in the consecutive alkylation of aniline 1 with DMC the yield towards the intermediate product 
is almost the same at least until the maximum is reached. Few experimental points above the 
maxima for 10 and 30 bar prevent from a conclusive statement about influence of hydrogen on 
the reaction route of further alkylation of the monomethylated product 2. This point will be 
addressed in the following text.  
 
Kinetic model 
Some sort of an induction period visible in Figure 1 and also seen in a very pronounced way in     
N-methylation reactions in the low temperature region (Figure 2) can be generally explained by 
the concept of active site generation during the reaction. A similar concept has been used 
throughout the years for describing experimental data in various hydrogenation and 
hydrodeoxygenation reactions [27, 28].  
8 
 




















Figure 2. Conversion of aniline 1 vs reaction time in its N-methylation reaction using dimethyl 
carbonate and molecular hydrogen at different temperatures.   
 
Transformation of compound 2 into compound 3 is not instantaneous, requiring presence of 
ligands and hydrogen. Another interesting feature of the reaction mechanism is catalyst 
deactivation visible in a most pronounced way in Figure 1b for experiments conducted at 10 
and 30 bar. At the moment based on the available data it is difficult to assess the exact nature 
of the inactive species.  
Formation of [(Triphos)RuH(CO)2]+ as a nonreactive complex was proposed by Leitner and co-
workers [25] using the same catalytic system in hydrogenation of CO2.  
Further support for involvement of two difference sites comes from structure-activity studies. 
Hammett plots shown in Supporting Information of [11] and redrawn here illustrate an upward 
concave behaviour (Figure 3) apart from the case of fluorine as a substituent.  
9 
 


















Figure 3. Hammett plot for the initial data of the N-methylation reaction of aniline 1 and 
different para-substituted derivatives 1-Me, 1-OMe, 1-F and 1-Cl with DMC and molecular 
hydrogen. 
  
In general, non-linear Hammett plots with upward and downward concave behaviour have been 
reported in the literature [29-35]. While concave downwards plots can be explained by a complex 
reaction mechanism composed of a reversible and a subsequent irreversible step [36] upwards 
concave Hammett plots cannot be explained by changing the rate determining step in a multi-
step mechanism [37]. A complete change in the reaction mechanism [36] should be invoked for 
cases when electron donating groups are replaced by electron accepting ones.  
In fact as shown in [37] the concept of a complete change in the reaction mechanism 
(with “on”-“off” point at R=H) should not be necessarily used. From the mathematical 
viewpoint simultaneous presence of two reaction pathways acting in different directions upon 
variation of the substituent can be sufficiently well described by the following equation 




σ +=            (3) 
This equation consists of two terms each corresponding to a distinct pathway (I or II) and 
reflecting different concentration dependences ( )(;( )) iIIiI CfCf )). The reaction parameters Iρ
and IIρ  should have opposite signs to account for the upward concave behaviour of the rate or 
apparent rate constant vs substituent (Hammett) constant σ . When different signs of reaction 
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constants Iρ and IIρ  contradict with the chemical nature of reactions present in a system 
displaying upward concave behaviour an alternative explanation of concave–upward was 
proposed  [37]. It relies on the suggestion that at least two types of sites with different reactivity 
are present in the reaction milieu with the reaction itself proceeding through the same catalytic 
cycle.  
Mathematically speaking, this suggestion results in the same description of the upward concave 
behavior as the concept of two routes. The kinetic equation comprises two terms each 
containing catalyst concentration of a particular type  
21 21 catcat
crcrr +=σ              (4) 
In eq. (4) 1r  and 2r correspond to the rates for the first and the second type of catalytic species 
respectively with concentrations 
1cat
c  and 
2cat
c . Such concept of two types of catalytic sites 
possessing different reactivity following, however, the same reaction mechanism was able of 
explaining an upward concave Hammett plot [37]. This theoretical explanation along with 
experimental data demonstrating an induction period in the methylation of aniline 1 with DMC 
provides a strong argument in favor of using a concept of two sites in the current work as well.  
The reaction mechanism comprising presence of two type of catalytic species in the reaction 
milieu as well as catalyst inactivation is presented in Figure 4. Species of A type are gradually 
transformed into species B, with which the catalytic reaction hand is faster. On the other hand, 




Figure 4. Reaction network involving different types of catalytic species. 
 
While in general the reaction can proceed with both catalytic species A and B, preliminary 
kinetic modelling has demonstrated that reactions with species A can be neglected from the 
numerical viewpoint for reductive methylation of aniline. An argument in favor of this approach 
is related to a very clear delay with the reaction initiation at low pressure and low temperature. 
At the starting point of the reaction the active species of type B are formed. Preliminary attempts 
to use a simple approach of the first order kinetics for this transformation failed to explain 
experimental data. Observed pronounced induction period is thus a strong evidence that 
transformation of the type A sites to type B is more complex.  
Quite often a concept of in-situ generation of “homogeneous” metal nanoclusters from the 
corresponding mononuclear metal precursors is used to explain dynamic nature of catalysis in 
cross-coupling and Heck reactions [38]. There are no, however, mechanistic reasons or 
experimental evidences for formation of such species, thus such concept will not be pursued 
further.  
 
Derivation of kinetic equations 
From the kinetic viewpoint explanation of the rate acceleration while reaction is progressing 
requires a suggestion that first A gives species of type B’. The latter species reacts with A finally 
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resulting in active species of B type. Conceptually such active species can be either dimers 
according to A+B’->B or monomers formally corresponding to the reaction A+B’->B+A. 
Formation of dimeric species was often reported in the literature for various reactions catalyzed 
by organometallics [39-41] and even discussed [25] in connection with the catalysts used in 
reductive methylation [11]. Experimental evidences based on various spectroscopy [25] are, 
however, favoring monomeric species as catalytic ones, thus only this more chemically relevant 
case will be described below. It should be noted that from the mathematical viewpoint both 
approaches give rather similar results. It is not possible, therefore, to discriminate between 
formation of monomeric and dimeric catalytically active species based exclusively on 
modelling of experimental data reported in [11] and additionally generated in the current work. 
In the mathematic treatment of the present work the concentration of catalytic species with time 
can be expressed  
'
Acat
A B A B A B
dc
r r r
dt → → →




B −= → ; ' 'B
cat



















'' ' A BA B A B cat cat
r k c c−> −>=    (6) 
while the concentration of inactivated species 
Bdcat





Bd =          (7) 
The kinetic equation for inactivation of species of type B is given by  
Bd catBBd
ckr =       (8) 
Concentrations of all catalytic species are related through the mass balance  
'
0
C A A B Bcat cat cat cat cat
c c c c c= − − − , where 0
Acat
c  is the initial catalyst concentration. 
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Transformations of reactant 1 follow the methylation pathway with competitive adsorption of 
















    (9) 
In eq. (9) KH, which was considered to have a negligible temperature dependence, stands for 
hydrogen binding to the catalyst. The adsorption constant 1,,badsK  accounts for adsorption of 
reactant 1 on the sites B. The rate constant 1bk is a lumped one implicitly containing the 
adsorption constants. 













    (10) 
Methylation of product 2 was assumed to follow exactly the same mechanism as substrate 1 
















    (11) 
The apparent rate constants k comprising adsorption coefficients to avoid correlation between 








�     (12) 
where the mean temperature 
−
T  is in the current case 423 K.   


























dc    (13) 
where CS is the concentration of side products.  
 
Comparison with experimental data  
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Preliminary calculations demonstrated that the terms other than unity in denominators of eq. 
(9)-(11) can be neglected decreasing the number of parameters to be determined by numerical 
data fitting. The results of calculations given in Figure 5 show a very good correspondence 
between calculations and experimental data, which were treated simultaneously. The degree of 
explanation was 99.65%.   
 


























































































Figure 5. Kinetic profiles for the consumption of aniline 1 () and formation of N-
methylaniline 2 (x) and N,N-dimethylaniline 3 () as a function of reaction time with data sets 
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in the N-methylation of aniline 1 using dimethyl carbonate (3 eq) and molecular hydrogen under 
different temperatures (130-160 ºC) and pressures of molecular hydrogen (10-60 bar).  
 
The values of kinetic parameters are given in Table 1.  
Table 1. Values of kinetic parameters obtained in parameter estimation.  
Parameter kB1->S kB1->2 kB2->3 kBd kA->B kA->B’ KHA 
Value 1.3 x10-5 3.2 x10-6 6.2 x10-6 5.1 x10-5 1.43 
x10-3 






15.6 13.0 13.6 8.4 26.3 22.0 33.9 
Units s-1 s-1 bar-1 s-1 bar-1 s-1 s-1 s-1 bar-1 
        
Parameter  EB1->2 EB2->3 EBd EA->B EA->B’  
Value Ca. 0 61.4 61.0 46 153 161  
Standard 
Error,%  
>100% 40.4 39.1 33.9 31.9 9.3  
Units kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol  
 
The results show that the activation energies in consecutive transformations of reactant 1 to 
product 2 and subsequent transformation to product 3 are almost equal to each other, while the 
pre-exponential factor for formation of the product 3 is two-fold higher. This difference cannot 
be easily seen in kinetic curves due to interference of catalyst inactivation. Due to small 
amounts of the side products the value of the activation energy for their formation could not be 
determined reliably.  
Visualization of the fractions of different types of catalytic species with time at different T is 
presented in Figure 6, clear showing that the rate of pressure independent interconversion 






Figure 6. Relative fraction of catalytic species, blue (-o-) initial of A type, red (-+-) active of 
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Ruthenium-catalyzed reductive N-methylation of amines using dimethyl carbonate as C1 
source was performed at 130-160oC exploring the influence of hydrogen pressure. At certain 
conditions, an induction period was observed, associated with low reaction rates. Such 
induction periods followed by rate acceleration were seen to be dependent on hydrogen pressure 
and were more pronounced at low temperature. Mechanistically presence of the induction 
period was explained by in-situ generation of active species. The concept of two sites was in 
line with structure –activity studies when N-methylation of aniline was done using its different 
para-substituted derivatives resulting in a non-linear Hammett plot with an upward concave 
behaviour. 
Simultaneously with the acceleration catalyst deactivation was pronounced for experiments at 
lower hydrogen pressure (10, 30 bar).. A kinetic model has been proposed featuring 
transformation between different type of catalytic species More precisely the initial catalyst is 
transformed to the intermediate form further reacting with the starting catalytic species giving 
finally the catalytically active ones. Inactivation of the latter species during the reaction was 
also incorporated in the model. 
In the kinetic model, transformations of aniline were considered to follow the methylation 
pathway with competitive adsorption of hydrogen and the reactant.  
Kinetic modelling was done for all data sets together showing excellent correspondence 
between calculations and experiments. The results show that the activation energies in 
consecutive transformations of reactant aniline to N-methylaniline and subsequent 
transformation to N,N-dimethylaniline are almost equal to each other, while the pre-exponential 
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